In man, use of the general anesthetic nitrous oxide, N2O, is associated with hematologic and neurologic abnormalities that mimic those seen in cobalamin (Cbl, vitamin B12) deficiency. We have measured a number of aspects of Cbl metabolism in rts exposed to various concentrations of N2O for various periods of time. As little as 2% N2O given for 15 h resulted in 30% inhibition of methionine synthetase (MS) in rat liver. With 50% N2O, inhibition of 70% occurred with 1 h and did not change during the next 48 h. Under these conditions, no inhibition of methylmalonyl-CoA mutase (MMCoAM) was observed. 
ured a number of aspects of Cbl metabolism in rats exposed to various concentrations of N20 for various periods of time.
As little as 2% N20 given for 15 h resulted in 30% inhibition ofmethionine synthetase (MS) in rat liver. With 50% N2O, inhibition of70% occurred within 1 total [57Co]Cbl) in rats exposed to N20, but not in control animals. When rats were exposed to 50% N20 for 33 (2) but is required by man and other mammals that use it as an obligatory coenzyme for methionine synthetase (MS) (3) and methylmalonylCoA mutase (MMCoAM) (4) . MS binds (5, 6) and uses methyl-cobalamin (CH3-Cbl) and catalyzes the conversion of N5-methyltetrahydrofolate and homocysteine to tetrahydrofolate and methionine, respectively. MMCoAM binds (5, 6) and uses adenosyl-cobalamin (Ado-Cbl) and catalyzes the conversion of L-methylmalonyl-CoA to succinyl-CoA. Cbl deficiency in man causes a megaloblastic anemia or neurologic abnormalities (7) . The biochemical bases for these abnormalities are unknown although it is likely that a decrease in MS activity is responsible for the hematologic abnor-malities in that indistinguishable absormalities occur in folate deficiency (7) . A decrease in MMCoAM activity may be responsible for the neurologic abnormalities (8) because these are not observed in folate deficiency. Obtaining unequivocal answers to these questions has been hindered, however, by the fact that Cbl deficiency does not cause a megaloblastic anemia in animals and only causes neurologic abnormalities in certain primates (9, 10).
Amess et al. (11) have shown that 50% nitrous oxide (N20) administered to surgery patients causes megaloblastic changes in the bone marrow within 6 h. N20 administered for several weeks to patients with tetanus appears to have been responsible for the sometimes fatal megaloblastic anemia that they developed (12) . N20 has been shown to cause neutropenia in rats (13) (14) (15) (16) and to inhibit the growth of malignant mouse (17) , and normal (18) and malignant (19) (20) (21) human cells. Chronic exposure to N20 can cause a peripheral neuropathy in humans (22) (23) (24) , and an increased incidence of birth defects in rats (25) and in humans (26) (27) (28) .
The hematologic and neurologic abnormalities associated with N20 in man are similar to those seen in Cbl deficiency (7) . N20 does interact with the reduced forms of Cbl (29) and Deacon et al. (30) have shown that N20 causes inhibition of MS activity in rat liver. McCaan et al. (31) have shown that giving 50% N20 to monkeys for 6 wk induces a peripheral neuropathy and demyelinization of the spinal cord. Methylmalonicaciduria was not observed in these animals (30, 31) and this has suggested that MMCoAM activity was not affected. In the current study, we administered N20 to rats and measured a number of aspects of Cbl metabolism including direct measurements of MMCoAm (35) , 100 nmol. After incubating for 40 min at 37°C, assay tubes were boiled for 3 min and cooled to 4°C. Methionine-coated charcoal, 1 ml, was added and after standing for 10 min at 4°C, the assay tubes were centrifuged at 40,000 g for 30 min. The supernate, 1-ml, was then assayed for 14C as described (5 was prepared by adding 50 g of L-methionine to 30 g of Norit charcoal in 500 ml of H20. The mixture was stirred for 2 h at 22°C, stored at 4°C, and warmed to 22°C just before being used in the MS assay. When studied with 0-300 ,ul of rat liver, kidney, and brain supernate, and with boiled supernates (>97% loss ofactivity), direct comparisons showed that methionine-coated charcoal was equivalent to ion exchange resins (5, 35) in terms of its ability to separate N5-[methyl-'4C]tetrahydrofolic acid from [14C]methionine when used in assays for MS. Both techniques gave linear values for incubations from 5 min to 3 h provided that <20% of the substrate was converted to product.
Tissues were frozen at -70°C for at least 30 min and homogenates were prepared by adding 2.5 ml of 14 mM NaPO4, pH 7.0, containing 2.8 mM GSH for each gram of tissue, followed by homogenization in a Waring blender (Waring Products Div., Dynamics Corp. of America, New Hartford, Conn.) at 40C for 1 min. The homogenates were centrifuged at 30,000 g for 45 min at 4°C and the supemate was used for enzyme assays and for DEAE-cellulose chromatography. Chromatography was performed at 40C on 2.5 x 20-cm columns of DEAE-cellulose (phosphate form) equilibrated with 20 mM NaPO4, pH 7.0, containing 2 mM GSH, and run at a flow rate of 100 ml/h. Homogenate supemate, 50 ml, was applied to each column followed by washing with 150-550 ml of equilibrating solution. A linear gradient was then developed in which the mixing flask contained 600 ml of the equilibrating solution and the reservoir contained 600 ml of the equilibrating solution with 0.5 M NaCl. Fractions of 10 ml were collected.
For Cbl assays, Cbl was extracted from tissues, homogenate supemates, and DEAE-cellulose column fractions, by a modification (36) ofthe method of Frenkel et al. (37) . To each 1 g or 1 ml of material, 1 ml of 0.5 M sodium acetate-HCl at pH 4.5 and 2 ml of 0.15 M NaCl containing 50 ,ug of KCN/ml were added followed by, in the case of tissues, homogenization in a Waring blender at 40C for 3 min. The samples were heated for 45 min at 100°C and centrifuged at 30,000 g for 30 min at 4°C. The supernates were assayed for Cbl using a described (36) radioisotope dilution assay employing human IF as the Cblbinding protein, and for the total of Cbl and Cbl analogues using a described (36) (38) , and partially purified using Amberlite XAD-2 (Rohm & Haas Co., Philadelphia, Pa.) (38) . Nonradioactive CH3-Cbl, Ado-Cbl, and OH-Cbl, 100 nmol of each, were added as carriers, and the samples were fractionated by chromatography on 0.9 x 20 cm columns of SP-Sephadex (39) . Individual fractions were assayed for 57Co and 58Co as described above.
CN-[57Co]Cbl and CN-[58Co]
Cbl were converted to OH-[57Co]Cbl and OH-[58Co]Cbl, respectively, by performing incubations in 5 mM acetic acid-NaOH, pH 4.5, at 4°C at a distance of20 cm from a 60 watt tungsten light bulb for 16 h. The samples were applied to 0.7 x 2-cm columns of SP-Sephadex that were equilibrated with H20. The columns were washed with 5 ml of H20 to remove residual radioactive CN-Cbl and radioactive OH-Cbl was then eluted with 1.5 ml of 0.2 M NaCl.
Rats were injected with radioactive OH-Cbl bound to hog IF,2 in the ventral tail vein and were killed by placing them in an ether jar for 1 min followed by cervical dislocation. Tissues were removed within 2 min of death, and were frozen at -70°C for at least 30 min before being homogenized in one of the various ways described above. Rats exposed to N20 were placed in cages in an air-tight plexiglass box equipped with gas inlet and outlet ports, and a refrigeration system that maintained the temperature at 22°C. Rats were permitted unlimited access to food (Wayne Lab-blox, 22 pmol CN-Cbl/g, Allied Mills, Inc., Chicago, Ill.) and H20. Their cages were cleaned daily at which time the rats were exposed to air for 15 min.
Various mixtures ofN20 and 02 were administered to the plexiglass box (vol = 2 m3) at a flow rate of 2.5 liters/min. Separate tanks ofN20 and 02 were used. In the range of2-80% N20, the gas mixture was monitored with an 02 analyzer. At concentrations of N20 below 2%, N20 was measured directly with an N20 analyzer. 2 Previous studies (5, 40, 41) Fig. 1 , significant changes in the activity of holo-MMCoAM in rat liver were not observed during the first 48 h of exposure to 50% N20. These results demonstrate that N20 causes rapid inhibition of MS activity but not of MMCoAM activity.
With longer exposures to 50% N20, MS activity in rat liver decreased further to 18 and 12% of control values after 384 and 792 h as shown in Fig. 1 . Prolonged exposure to 50% N20 also caused significant inhibition of holo-MMCoAM activity with levels of 48 MMCoAM actually increased by 29.5 and 39.5%, respectively when compared with four control rats that were exposed only to air (P < 0.01 in both cases). These results demonstrate that N20 is responsible for both the early and the late decreases in Cbl-dependent enzyme activity in rats and that these decreases are not due to 02.
No significant changes in apo-MMCoAM were observed at any ofthe times shown in Fig. 1 Table I indicate that the MS activities in rat liver after 0, 1.5, and 16 h of exposure to N20 each behave differently from one another when CN-Cbl, 2-mercaptoethanol or both are removed from the assay. This suggests that different forms of MS, including different amounts of apo-MS, may exist in liver before, shortly after, and after prolonged exposure to N20 although additional experiments will be required to define the molecular bases for these differences.
The time-course ofrecovery of MS activity in rat liver was studied by exposing rats to 50% N20 for 15 h and then returning them to air for various periods oftime. As shown in Fig. 2 , MS activity recovered slowly and was only 29 and 80% of control values after being returned to air for 6 Table II , AdoCbl was the predominant coenzyme form of Cbl in the first two peaks, and CH3-Cbl and OH-Cbl were the predominant forms in the last two peaks. These observations support the concept that most of the intracellular Cbl is tightly bound to MMCoAm and MS, as shown previously with both rabbits and rats (5, 6) . The data in Fig. 4A also indicate that the injected OH-[57Co]Cbl was nearly equilibrated with endogenous Cbl after 96 h of exposure to air.
In Fig. 4A , the ratio of MS activity to Cbl is lower in the first MS peak than in the second MS peak. The reason for this difference is unknown and could indicate that the two peaks of MS activity have different specific activities relative to bound Cbl, or that a previously unrecognized Cbl-binding protein is also present in the first MS peak. 3 Fig . 4B shows the results of an experiment that was identical except that the rats were exposed to air for 48 h after the injection of OH-[57Co]Cbl and then exposed to 50% N20 for the second 48 h. Both peaks of MS activity 3Poston has presented evidence suggesting that leucine 2,3-aminomutase is present in mammalian tissues (42) and that this enzyme may be dependent on Ado-Cbl (43 Fig. 5 , portions of the livers were homogenized together, and the supernates were chromatographed on DEAE-cellulose. As shown in Fig. 5A , when neither set of animals were exposed to N20 the [57Co]Cbl and [58Co]Cbl gave essentially identical chromatographic profiles. Fig. 5B (Fig. 5C ) and for 384 h (Fig. SD) (data not shown) in proportion to the recovery of MS This suggests that during the first few days of exposure activity shown previously in Fig. 2. to N20, Cbl displaced from MS becomes bound to Whole liver supernate and DEAE-cellulose fractions from the experiment described in Fig. 4A were analyzed for their contents of the various coenzyme forms of [57Co]Cbl as described under Methods. * Refers to pooled fractions from Fig. 4A .
MMCoAM. This possibility may explain the slow recovery of MS activity and the slow replacement of Cbl bound to MS when the administration of N2O is stopped since previous studies indicate that Cbl bound to MMCoAM turns over relatively slowly (5, 6) . The data in Fig. 5B Effect ofN20 on Cbl coenzyme levels. Fig. 6 shows the results obtained when portions of livers from the animals used in the double label experiments described in Fig. 5 (see above) were extracted and analyzed for their Cbl coenzyme content using chromatography on SP-Sephadex. Fig. 6A shows that the coenzyme profiles of [57Co]Cbl and [58Co]Cbl were essentially identical when neither group of animals were exposed to N2O. After exposure to N2O for 0.5,48, and 384 h, the amount of [57Co]Cbl present as CH3-Cbl decreased by 20-60% relative to the [58Co]Cbl from the unexposed animals, as shown in Fig. 6B , C, and D. These results indicate that N20 causes a decrease in CH3-Cbl levels although the magnitude of the decrease in relative terms is not as great as the decrease in MS activity or in the decrease of Cbl bound to MS.
The data in Fig. 6B Conversion of Cbl to Cbl analogues by N20. Fig. 7 shows the results obtained when additional portions of livers from the dual label experiments described in Fig.  5 had their Cbl extracted, purified by reverse-affinity chromatography on hog R protein-Sepharose, and fractionated by paper chromatography. Fig. 7A shows that when both sets of animals were exposed only to air, the Cbl and then exposed to air for 48 h followed by exposure to 50% 02/50% air for an additional 384 h. Somewhat larger amounts of Cbl analogues were also observed (data not shown) in rat brain, kidney, serum, small intestine, and spleen, although the patterns differed somewhat from that seen in liver, which lacked slower moving Cbl analogue fractions seen in these other tissues, particularly spleen. These differences could reflect differences in analogue production among tissues or could be due to differences in the cellular uptake or excretion of Cbl analogues among tissues. The latter possibility may be particularly pertinent with respect to liver in that this tissue does preferentially excrete certain Cbl analogues into bile (40) .
Additional studies were performed (data not presented) in which various fractions from the DEAE-cellulose chromatograimi shown in Fig. 5C FIGURE 5 Time-couirse of the displacement of Cbl from IMS when rats were exposed to N20 In each experiment, A-D, three rats were injected with 100 pmol i.v. ofOH-[5'Co]Cbl bound to hog IF and three rats were injected with 100 pmol i.v. of OH-[58Co]Cbl bound to hog IF. All ofthe animals in experiments A-D were then exposed to air for 48 h. The [57Co]Cbl-injected animals were then exposed to 50% N20/50% 02, and the [58Co]Cbl-injected animals were continued in air, for (A) 0 h, (B) 0.5 h, (C) 48 h, and (D) 384 h. At the end ofthese times, the animals were killed, equal portions of the livers from the [57Co]Cbl and the [58Co]Cbl-injected animals were pooled and homogenized together, and the supernates, 50 ml, were chromatographed on DEAE-cellulose as described under Methods. Linear NaCl gradients were begun at fraction 30 . Individual fractions were assayed for [57Co]Cbl (0) and [58Co]Cbl (0).
To determine the excretion rate of the CIA analogues formed by N2O and to determine if these Cbl analogues are converted back to Cbl, an experiment was performed in which 20 gCi of OH-[57Co]Cb)l (100 pmol) was injected intravenously into a rat that was exposed to 50% N20 subsequently for 48 h. The [57Co]Cbl was extracted from the liver, purified by reverse-affinity chromatography on hog R protein-Sepharose, and fractionated by paper chromatography. After elution from the paper with H20, the [57Co]Cbl from the analogue fractions (3 pmol) was mixed with 100 pmol of CN-
[58Co]Cbl and 150 pmol of hog R protein, and injected intravenously into a rat. Urine and feces were collected daily for 5 d and showed that -7% of the [57CoJCbl and -1% of the [58Co]Cbl were excreted each day with about half of each excreted label being present in the urine and in the feces. These studies thus indicate that Cbl analogues formed from Cbl in vivo by N20 are excreted from the body at a faster rate than Cbl itself. We also determined the paper chromatography profile of the [57Co]Cbl analogues and the [58Co]Cbl that were injected into the rat, together with the profiles obtained 1278 Kondo et al. Sephadex equilibrated with H20 at 22°C. After application of the samples in 2 ml of H20, the columns were washed sequentially with 30 ml of H20, 23 ml of0.05 M Na acetate-acetic acid, and 23 ml of 0.2 M Na acetate-acetic acid, pH 5.0. Fractions of 1.5 ml were collected and assayed for 57Co (0) and 58Co (0) as described under Methods. Both sets ofanimals had been exposed to air for the first 48 h after injection. The [57Co]Cbl-injected animals were then exposed to 50% N20/50% 02, and the [58Co]Cbl-injected animals were then continued in air, for (A) 0 h, (B) 0.5 h, (C) 48 h, and (D) 384h.
after they were extracted, purified, and fractionated from the liver, kidney, and the carcass and other organs 5 The effect oflong-term administration ofN20 on the activities of MS and MMCoAM, and the levels of endogenous Cbl. The data in the preceding section suggested that the prolonged administration of N20 might lead to a progressive decrease in tissue Cbl, due to its being converted to Cbl analogues, and that this might be responsible for the decrease in holo-MMCoAM activity and the further decrease in MS activity that were seen with prolonged N20 administration. Data to support this concept are presented in Table III 10, 27 , and 4% in liver, kidney, and brain, respectively. Levels of the total of Cbl and Cbl analogues, as measured with the radioisotope dilution assay using R protein,4 showed smaller but significant decreases to 35, 46, and 24% of control values, in liver, kidney, and brain, 4Cbl analogues may not be measured to their full extent with the R protein assay since some Cbl analogues have slight to moderately reduced affinities for R protein, relative to Cbl (44) . respectively. These results indicate that levels of Cbl were decreased to a greater extent than either levels of holo-MMCoAM activity or levels ofCbl analogues. This observation suggests that the Cbl analogues present after prolonged exposure to N20 may possess at least some Cbl activity for MMCoAM.
DISCUSSION
The studies presented here demonstrate that N20 causes many deleterious effects on Cbl metabolism. A number ofthese effects occur within 30 min and include inhibition of MS activity, displacement ofCbl from MS, a decrease in levels of CH3-Cbl and the formation of Cbl analogues from Cbl. The displacement of Cbl from MS parallels the loss of MS activity both temporally and quantitatively and this suggests that this is an early and possibly the primary effect of N20 that causes a decrease in MS activity.
The recovery of MS activity when N20 administration is stopped is very slow with complete recovery requir-
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Kondo et al. (6) , and by the fact that Cbl bound to MMCoAM appears to turn over at a relatively slow rate (5, 6) . The studies presented here indicate that N20 does not have a direct effect upon MMCoAM activity although the progressive conversion of Cbl to Cbl analogues and the preferential excretion of the latter does eventually lead to a decrease in holo-MMCoAM activity. Because of this, it is premature to conclude that a lack of MS activity is responsible for both the hematologic and neurologic abnormalities that are seen in humans in Cbl deficiency. The fact that methylmalonicaciduria was not observed in monkeys (31) who developed neurologic abnormalities after 6 wk of exposure to N20 has suggested that MMCoAM was not affected, but the activity of MMCoAM was not measured directly. Thus, it is possible that levels of holo-MMCoAM were reduced sufficiently to cause neurologic abnormalities without being reduced sufficiently to cause methylmalonicaciduria. It is also possible that levels of holoMMCoAM activity were reduced disproportionately in certain portions of the central nervous system and that more moderate decreases in other tissues prevented the development of methylmalonicaciduria.
It is interesting that as little as 6 h exposure to N20 causes megaloblastic changes in the bone marrow in man (11) , that <2 wk exposure is required for profound granulocytopenia and thrombocytopenia (12) , and that neurologic abnormalities are not observed during these time periods. It is also interesting that intermittent exposure to N20 over many months, as occurs with abuse by dentists and anesthesiologists, causes neurologic abnormalities in man but does not cause hematologic abnormalities (22) (23) (24) . These observations, together with our observations in rats, suggest that the rapid inhibition of MS by N20 may be responsible for the hematologic abnormalities seen in man. They also suggest that decreases in tissue Cbl levels, formation of Cbl analogues, further decreases in MS, or decreases in MMCoAM are responsible for the neurologic abnormalities seen in man, although the mechanism by which these latter changes effect or are related to the neurologic abnormalities is unknown. The possibility that the formation of Cbl analogues might play a role in the neurologic abnormalities seen in chronic N20 exposure is intriguing in view of the previous suggestion (36) that variations in levels of endogenous Cbl analogues in patients with Cbl deficiency might explain why some patients develop only hematologic or neurologic abnormalities while others develop both. Definitive answers to these questions as well as to the question of whether endogenous Cbl analogues present in mammalian tissues (44) are the same as those formed from Cbl by N20, will require further studies.
A number of studies (26) (27) (28) have suggested that spontaneous abortions and birth defects occur with increased frequency among anesthesiologists, dentists, and operating room and dental personnel, and that frequent exposure to low levels of N20 is the most likely cause for these abnormalities. Our studies with rats are of interest in this regard because they show that levels of N20 as low as 2% cause significant inhibition of MS and since the individuals just mentioned are sometimes exposed to levels of N20 that approach this concentration. Future studies measuring levels of MS, MMCoAM, Cbl, and Cbl analogues in these individuals would be of interest.
The effects of N20 on Cbl metabolism also raises questions concerning the use of N20 as a general anesthetic. Because of the rapid and prolonged inhibition of MS, one wonders, for example, if exposing donors, recipients, or both to N20 has deleterious effects on the results ofbone marrow, kidney, or other transplants. Such inhibition might not be detrimental and might even be beneficial due to effects on the immune system. Studies concerning this question would be of interest as would studies concerning whether postoperative infections are more frequent or severe after the use of N20, and whether the incidence of birth defects is increased when N20 is administered in various settings during the early stages of pregnancy.
